Ž Molecular mechanics and molecular dynamics simulations were applied in order to study the behaviour of poly ethylene . Ž . oxide PEO in different temperatures and solvents. It was found that over the temperature range of 50-500 K the equilibrium structure of PEO is folded. Both kinetic and potential energies increase with temperature. The behaviour of PEO Ž . Ž . in two different solvents -CHCl´s 5 and H O´s 80 -was found to be similar, with the folded structure observed 
Introduction
Computational simulation techniques are powerful tools for learning about local structures and dynamics in various types of systems. Conformational studies of biological macromolecules have been carried out in order to understand peptide bonds, stability w x and protein folding 1,2 .
Ž .Ž . Poly ethylene oxide PEO of low molecular weight, in the range 200-20 000, is used in cosmetics, lubricants, pharmaceuticals, electronics and other w x applications 3 . These polymeric systems derived ( )parent compound. In this Letter molecular mechanics and dynamics simulation studies were carried out in order to investigate the structural and energetic behaviour of PEO containing 20 monomeric units in different temperatures and solvents. This work intends to be a contribution to the study of the special properties of this polymer that are of increasingly fundamental and technological interest.
Methodology
Molecular simulations are based on empirical force fields, which describe interatomic interactions and mechanical deformation of molecules. The clas-Ž . sical equations of Newton motion equations are numerically integrated using empirical force fields for all atoms of the system and the total energy is assumed to be dependent on both bond lengths and angles as well as non-bonded interactions and torsion Ž angle terms Coulomb and van der Waals interac-. tions .
The molecular dynamics study of PEO containing 20 monomeric units was performed using the OPLS Ž . optimised potentials for liquid simulations force w x field 8 implemented in the Macromodel program w x 9 . The approximated energy of a molecular structure or a set of molecules is calculated from the molecular mechanics energy terms whose equations describe stretching, bending, torsion, van der Waals and electrostatic energies, as described elsewhere w x w x 10 , using the EPROX routine of Macromodel 9 .
Ž . The GBrSA generalised born surface area model w x 11 was used to include the solvent effect in the system. This model considers solvation free energy Ž . In the temperature-dependent MDM study, two structures were used as initial configurations. For the temperatures T s 50, 90, 100, 150, 280, 298, 333 and 500 K a minimised linear structure was used. At Ž . lower temperatures T s 50, 90, 100 and 150 K the simulations were also started with an initial folded Ž structure the equilibrium conformation obtained at . T s 298 K . For T s 150 K, we started the simulation with another folded structure which corresponded to the minimum potential energy in the Ž . T s 50 K simulation at t s 419 ps . As a special case, a simulation with decreasing temperature was carried out over the range 300-50 K. The system was simulated in a vacuum during t s 1 000 ps and the time step was D t s 1 fs.
The entropic contribution for the folding process was analysed using the semiempirical method AM1 Ž .w x Austin Model I 12 . The calculations were performed at 100, 298 and 500 K, using the last structures obtained from the MD simulations. The linear and folded geometries were fully optimised at the semiempirical level and the thermodynamics properties were calculated at the different temperatures using the statistical thermodynamics formalism.
The behaviour of PEO as function of solvent was also studied. The inclusion of solvent was accomplished by using the GBrSA model, previously described. Simulations were performed at a fixed tem-Ž . perature 298 K using a minimised linear structure as the initial point. The system was simulated in a Ž . Ž . Ž . vacuum´s 1 , CHCl´s 5 and H O´s 80 3 2 with a time step equal to D t s 1 fs during a total time of t s 1 000 ps. 
Results and discussions
Fig . 1 shows the equilibrium structures obtained after 1 000 ps of simulation in the temperature range of 50-500 K. Depending on the initial configuration Ž . linear or folded , we obtained different results for some simulations at low temperatures. We did not observe a polymer folding after 1 000 ps of simulation when the initial configuration was a minimised initial linear structure. However, by starting the simulations with a folded structure we observed that they remained folded indefinitely. As we will discuss ( )below, we have always obtained folded structures as the equilibrium ones for all temperatures. At lower temperatures, one cannot fold the initial linear structure. The rigidity observed in this case is due to the low probability of occurrence of torsion, which allows the molecule to fold, which means that the potential barrier is too high. Therefore, only for very Ž . long time simulations t ™`could significant changes in the linear conformation be observed. Thus, we defined a linear final state as a meta-stable one. This analysis is confirmed by the fact that the conformational energy for a final folded structure after 1 000 ps of simulation is lower than that value for the folded initial structure. We used as the initial configuration that final folded structure obtained for T s 298 K. When different simulations were done and different final configurations have been obtained, we choose as equilibrium configurations those which present -on average -a lower potential energy. Fig. 2 shows an example of how the system reaches the equilibrium state. We plotted the potential energy vs. time for three different simulations:
Ž . starting with a linear structure crosses , with a Ž folded structure obtained for T s 298 K open trian-. gles and with the minimum potential energy folded Ž . structure obtained for T s 50 K filled circles . As one can observe, the potential energy of the equilibrium fluctuates around 290 kJrmol and only after t f 900 ps has the structure represented by crosses Ž . Ž . Three initial configurations were used: 1 a linear structure; 2 a folded structure obtained as a final structure for simulation at Ž . T s 298 K; and 3 the folded structure with lowest potential energy for simulations at T s 50 K. reached that value. The other two values fluctuate around the equilibrium energy, although that represented by filled circles shows more fluctuations. We assume that this occurs due to the fact that the initial Ž . configuration for T s 50 K is more folded than that expected for T s 150 K. So, the unfolding process presumably produces those fluctuations.
The increase of total average energy of the system is due to both kinetic and potential terms. Fig. 3 shows the values of the potential energy for all simulations. Open circles represent the simulation that started with a linear structure, while filled diamonds represent those which started with a folded structure. As one can observe, for lower tempera-Ž . tures 50, 90, 100, 150 K the value of the potential energy is higher than that obtained for folded initial structure. Note that we used the data for the calculations which were obtained after the system reached the equilibrium, i.e., where the energy fluctuates around a stable value. Typically, we discarded the initial 300 ps of simulations. The small error bars Ž obtained for the lowest temperatures 50, 90 and 100 . K come from the fact that they are in a meta-stable state -as discussed above -and that the fluctuations in this case are small. Note that for T s 150 K the Ž potential energy for the case where the initial struc-. ture was a linear one has larger error bars, represent-( )ing the fact that the system has not stabilised. The dashed line in this figure represents a linear regression made with the equilibrium values. Thus, we can assume that the equilibrium potential energy shows a linear dependence with the temperature for the complete temperature interval of our simulations. Table 1 shows the fitting of the end-to-end carbon distances to Gaussian functions, using the data obtained from equilibrium structures. We observe an Ž . increase of the width of the peak at half height G Ž . and in the centre values r with increasing tempera-Ž ture. We related the end-to-end carbon distance less . folded structures and increasing conformational distribution for PEO with the temperature increase. For higher temperatures, the width of the curve is of the order of the magnitude of its centre, while for lower temperatures this relation is around 30%. This means that for higher temperatures strong fluctuations are present.
In order to describe in more detail the equilibrium structures obtained in our simulations, we calculated the radius of gyration of the molecule for different temperatures. The radius of gyration R is given by polymer. Fig. 4 shows the results obtained for the equilibrium configurations. As one can observe, the higher the temperature is, the larger is the radius of Ž gyration the increase of the radius of gyration is not . linear with temperature . Moreover, the fluctuations increase with temperature, the same phenomenon as observed for the end-to-end carbon distances. An interesting aspect that can be observed in Fig. 4 is the behaviour of the radius of gyration when a simulation is made by decreasing the temperature, where it is found that R decreases and remains g Table 2 Ž . Thermodynamic properties in kcalrmol for the folding process in the PEO molecule 
heat of formation calculated at the temperature T. practically constant. This means that folded structures are definitely preferable to linear ones. In the discussion presented previously, only the enthalpic contribution to the free energy has been considered for the folding process analysis. In order Ž o . to analyse the entropy S change, the semiempiriw x o cal AM1 method 12 was used to calculate the S T values for the linear and folded structures at T s 100, 298 and 500 K. The folded equilibrium structures obtained from the MD simulations at the respective temperatures were used as starting points in the geometry optimisation procedure at the semiempirical level. The fully optimised geometries were used in the calculation of the thermodynamic properties.
The results obtained are reported in Table 2 .
Analysing the values in Table 2 o DG as the temperature rises, the term yTD S being dominant at T ) 298 K. showed an associated nature of the water because it needs an energy consumption to form cavities in the solvent. The G term represents a solute-solvent pol electrostatic interaction energy, proportional to the dielectric constant of the medium. Fig. 5 shows the conformational population distribution as a function of end-to-end carbon distance. The end-to-end car-Ž . bon distance adjusted as described above shows an 
Conclusions
Mechanical and dynamic methods were applied in order to investigate the behaviour of PEO containing 20 monomeric units as a function of temperature and solvent. From the simulations performed in the temperature range of 50-500 K, we concluded that both kinetic and potential terms are responsible for the increase in the total energy as a function of temperature. We have obtained folded final structures as the equilibrium structures for all temperatures. For lower temperatures, the system might be 'trapped' in a meta-stable state when the simulations were started with a linear structure. Besides, we could relate the Ž . end-to-end carbon distance less folded structures and conformational distribution variation for PEO with an increase in temperature. Moreover, we also observed that the radius of gyration increases with temperature, but it did not show a linear dependence on the temperature. It was also observed that the entropic contribution is important for the folding < o < process at higher temperature, the term y TD S < o < being ) D H at T ) 298 K.
It was found that the behaviour of PEO in a vacuum, CHCl and H O is similar, where a ten- 3 2 dency of PEO to assume a folded structure in the equilibrium was shown. The solvation energy results, obtained using the GBrSA model, confirm this ten-Ž dency. The values in both solvents CHCl and 3 . H O were found to be close and slightly less than in 2 a vacuum. The structural effect observed in the analysis of the end-to-end carbon distance equilib-Ž rium structures average distance CHCl ) H O) 3 2 . vacuum was related to the non-bonded atom interactions.
